Abstract The subfamily Rosoideae Focke (Rosaceae) has a good fossil record in the Northern Hemisphere, but these fossil records are confined mainly to a few genera, whereas the majority, in particular those with herbaceous members, are still under-represented. In this study, we describe new fruit fossils of Rosoideae, including Fragaria achenes and Rubus endocarps, from the late Pliocene of northwestern Yunnan, Southwest China. These fossils add new accounts to the fossil archive of Rosoideae and provide the first fossil record of Fragaria in East Asia. The new fossil findings provide a historical backdrop for the modern diversity and distribution of the subfamily in northwestern Yunnan, a topographically complex area accommodating a high diversity for many plant groups. Our Rubus fossils, in combination with other nearby coeval occurrences of the genus, suggest that Rubus was already establishing its modern diversity in northwestern Yunnan during the late Pliocene. This finding enriches our knowledge of the post-Neogene diversification of flowering plants in northwestern Yunnan, which is thought to be largely driven by dramatic mountain uplifts and environmental complications associated with the southeastern extension of the Tibetan Plateau.
Introduction
Rosoideae Focke is a subfamily in Rosaceae well known for several food and ornamental resources such as strawberry (Fragaria L.), blackberry (Rubus L.), and rose (Rosa L.) (Giampieri et al., 2013; Basu et al., 2014; Manganaris et al., 2014) . It comprises 35 genera and approximately 1500 species (Morgan et al., 1994; Eriksson et al., 2003; Lu et al., 2003; Potter et al., 2007) which are nearly cosmopolitan but occur mainly in temperate and subarctic regions of the Northern Hemisphere (Lu et al., 2003) . Rosoideae is distinguishable from the other three traditional subfamilies, Spiraeoideae, Maloideae, and Prunoideae, by its unique aggregate fruit (Lu et al., 2003) which comprises many one-seeded achenes or drupelets (Dowidar et al., 2003; Kołodziejek & Gabara, 2007; Fait et al., 2008) . The achenes and drupelets as well as the lignified endocarps within them are valuable in intergeneric classifications for both modern and fossil materials of the subfamily (Dowidar et al., 2003; Kołodziejek & Gabara, 2007; Wada & Reed, 2008; Tomlik-Wyremblewska et al., 2010) .
Rosoideae is well represented in the fossil record in the Northern Hemisphere, particularly in Europe (e.g., Chandler, 1961; Van der Burgh, 1983 , 1987 Mai & Walther, 1988; Mai, 2000 Mai, , 2001 , but also in Asia (Dorofeev, 1963; Nikitin, 2006) and North America (DeVore & Pigg, 2007) . These fossil representatives are mainly confined to three genera, including Potentilla L., Rosa, and Rubus. Rubus, for example, has been recorded from more than 100 localities, with ages ranging from the Pleistocene to the middle Eocene (e.g., Chandler, 1961; Dorofeev, 1963; Tiffney, 1994; Meyer & Manchester, 1997; Mai, 2000; Bhandari et al., 2010 Bhandari et al., , 2011 Momohara et al., 2017) . The other two genera, Potentilla and Rosa, also have an excellent fossil record (e.g., Becker, 1963; Dorofeev, 1963; Mai & Walther, 1988; Meyer & Manchester, 1997; Fyles et al., 1998; Mai, 2001; Kellner et al., 2012; Su et al., 2016) . However, the other genera of Rosoideae are either poorly represented, for example, Agrimonia L. (Szafer, 1961) , Comarum L. (Mai & Walther, 1988; Mai, 2001) , Fragaria (Szafer, 1961) , and Kerria Candolle (Becker, 1969) , or have not been recorded thus far. The scarcity of fossils for these genera could hinder a sound understanding of the past diversity and distribution of the subfamily.
Most existing Cenozoic accounts of Rosoideae are based on leaf and fruit remains. Although leaves are found in many of the Cenozoic megafloras, they are mostly restricted to woody groups such as Rosa (Becker, 1963; Meyer & Manchester, 1997; Kellner et al., 2012; Su et al., 2016) . In contrast, fossil fruit remains occur more widely in the subfamily and include several herbaceous genera (Szafer, 1961; Dorofeev, 1963; Van der Burgh, 1983 , 1987 Mai & Walther, 1988; Fyles et al., 1998; Mai, 2001) . This is best exemplified by Potentilla, which is represented exclusively by achenes (e.g., Dorofeev, 1963; Becker, 1969; Mai & Walther, 1988; Mai, 2001; Bhandari et al., 2010 Bhandari et al., , 2011 . It is noteworthy that herbaceous members such as Agrimonia and Fragaria have limited potential to become fossilized. Achenes, because of their lignification, tend to be the only organ well suited for fossilization. For this reason, fossil remains of fruit structures could become a crucial proxy in tracking the occurrences of herbaceous members of the subfamily throughout the geological time. They are also indispensable to improve our understanding of the past diversity and distribution of its woody members.
In this study, we report new fruit fossils of Rosoideae, including Fragaria achenes and Rubus endocarps, from the late Pliocene Sanying Formation of the Heqing Basin in northwestern Yunnan, Southwest China. We carried out detailed morphological and anatomical examinations of the fossils, determined their systematic position by extensive comparisons, and discuss their contribution to the fossil record of Rosoideae. We also consider their implications for Rosoideae diversity and the paleoenvironment during the late Pliocene in northwestern Yunnan, Southwest China, a region known as a biodiversity hot spot.
2 Material and Methods 2.1 Fossil site, geological settings, and age control The fossils treated here were collected from late Pliocene outcrops near Nanbanbang Village in the Heqing Basin of northwestern Yunnan, Southwest China (26°31 0 N, 100°09 0 E; Fig. 1 ). The Heqing Basin is formed from a tectonic fault and filled with lacustrine sediments (Shen et al., 2007) . In central areas of the basin, Pleistocene deposits are more than 700 m thick (Xiao et al., 2010) . Along the edge of the basin the Pleistocene deposits are seen to overlie Neogene sediments. Near Nanbanbang Village along the southwestern border of the basin, Neogene sediments approximately 300 m thick are developed. They lie unconformably over the Eocene Lijiang Formation, and are overlain by the Pleistocene deposits of detritus, sand, and laterite (Zhu et al., 2016) . The Neogene sediments include conglomeratic sandstone, sandstone, siltstone, and claystone, generally in ascending order (Fig. 2) . The grayish siltstone in the middle to lower part bears abundant leaves dominated by sclerophyllous alpine oaks (Quercus sect. Heterobalanus) which characterize the Sanying Formation (Tao, 1986) . The time interval for lacustrine sediments of the Sanying Formation is late Pliocene, as corroborated by independent evidence from different disciplines (Tao, 1986; Ge & Li, 1999; Su et al., 2011; Li et al., 2013) . The claystone in the upper part includes many carbonaceous clay layers that contain abundant plant remains in the form of wood fragments, fruits, and seeds (Zhu et al., 2016) . As the leaf assemblage in the underlying grayish siltstone points to the late Pliocene Sanying Formation, we consider that these carbonaceous clay layers represent the upper part of the Sanying Formation and infer that they are also late Pliocene.
Materials and examinations
A large number of fruits and seeds was obtained by sieving macerated sediments sampled from the carbonaceous clay layers of the Sanying Formation near Nanbanbang Village. They are now stored at the Key Laboratory for Plant Diversity and Biogeography of East Asia, Kunming Institute of Botany, Chinese Academy of Sciences (Kunming, China). We recognized 19 achenes of Fragaria and more than 500 endocarps of Rubus by viewing them under a dissecting microscope. Most of them are intact, but a few are preserved as halves separated along the ventral or dorsal suture. We first washed the fossils in an ultrasonic bath (KQ-50M; Nanbei, Zhengzhou, China) to remove minute particles adhering to their surface. After air drying, we photographed them using a digital camera (AxioCam HRc; Zeiss, Oberkochen, Germany) mounted on a binocular microscope (Ste. REO Discovery V20; Zeiss). We also studied the surface sculptures and internal characters of several fossil specimens for both Fragaria and Rubus under a scanning electron microscope (EVO LS10; Zeiss).
For comparison with extant Rosoideae, we referred extensively to modern fruit and seed morphology in published resources (Guo, 1998; Dowidar et al., 2003; Boj nansk y & Farga sov a, 2007; Nakayama et al., 2010 -4J) ; the ventral side is narrowed or protuberant, and the dorsal part is to some extent curved and rounded. The exterior surface of the achenes is smooth, but in some specimens the exterior surface shows two or three veins that likely represent vein remnants from the mesocarp (Fig. 4) ; the veins originate from the attachment scar area and can be visualized more clearly using a scanning electron microscope (Figs. 5A-5F ). The surface microstructure shows a finely reticulate pattern composed of numerous eroded circular cells (Figs. 5B, 5C) ; the interior surface of the achene wall is weakly striate, possibly as a result of the oblong cells roughly in a radial to parallel arrangement (Figs. 5I, 5L, 5O ). The achene wall is approximately 40 mm thick; the transverse section of the achene wall is weakly palisade structured near the interior surface that probably represents a cross-section of the interior surface cells (Figs. 5H, 5K, 5N ).
Comment Our fossils have a curved shape, and a small dimension of at most 1.0 mm at their broadest part. Based on a survey of modern fruit and seed morphology in published works (Guo, 1998; Dowidar et al., 2003; Boj nansk y & Farga sov a, 2007; Nakayama et al., 2010) , we found that achenes of three closely related genera, namely Duchesnea, Fragaria, and Potentilla (Eriksson et al., 2003; Potter et al., 2007; Feng et al., 2017) , are of similar shape and size to our fossils. Achenes of these three genera are similar in morphology (Tantawy & Naseri, 2003) , but some differences allow us to distinguish among them. Fragaria achenes are usually narrowed in the ventral part and curved in the dorsal part, facilitating separation from Duchesnea achenes. Fragaria achenes are smooth or sculptured with a few veins on the surface, whereas achenes of most Potentilla species have prominent surface ridges (Kołodziejek & Gabara, 2007; Kołodziejek, 2010; Nakayama et al., 2010) . Our fossils have morphological characteristics that accord with Fragaria and are distinct from Duchesnea and Potentilla. To confirm the generic identification, we examined achenes of three extant species of Fragaria: F. gracilis, F. moupinensis, and F. nilgerrensis (Fig. 6 ). Our observations indicate that the surface of the Fragaria achenes bear nearly circular cells in an alveolate arrangement (Figs. 6B, 6C ), similar to our fossils. The transverse section of the achene wall has a weak palisade structure near the interior surface (Figs. 6D, 6E, 6H) , and the interior surface of the achene wall is weakly striate, composed of oblong cells roughly in a radical to parallel arrangement (Figs. 6F, 6I ). The thickness of the achene wall in the three modern species is also similar to our fossils. The general consistency in morphology and anatomy verifies the placement of our fossil achenes in Fragaria. Because of overlapping morphology among the modern species we surveyed, the species assignment, however, is kept undetermined.
Genus Rubus L. Species Rubus sp. Material More than 500 endocarps (NBB 092-NBB 120) Description The endocarps are hollow, generally reniform to elongated D-shaped, 1.9-2.4 mm long and 1.2-1.8 mm wide (Figs. 4K-4T ). The dorsal side is rounded, and the ventral side is nearly straight to weakly S-shaped; the edge near the attachment scar area bends subtly towards the ventral side. The dorsal margin of the endocarp is roundly entire, with the dorsal suture (middle ridge) rising higher than the adjacent surface ridges (Figs. 7A-7C) ; the exterior surface is sculptured by distinctively thick ridges that interconnect in an irregularly reticulate pattern (Figs. 7D, 7E ). The interior surface of the endocarp wall is smooth (Fig. 7G) . The endocarp wall is approximately 60 mm thick, and lacunose from a transversal view with numerous small cavities arranged densely in an alveolate pattern (Figs. 7H, 7I) .
Comment The fossil endocarps have a reniform outline, a dorsal suture, and an irregularly reticulate surface built up by interconnecting ridges. These characteristics exist in endocarps of most Rubus species except a few, such as R. pectinarioides H. Hara and R. setchuenensis Bureau & Franchet (Lu et al., 2003; Boj nansk y & Farga sov a, 2007; TomlikWyremblewska et al., 2010) . Despite the distinctive identity at the generic level, lower-level classification for Rubus based on the endocarp alone is difficult due to the uniform morphology among species and even among subgenera (Tomlik-Wyremblewska et al., 2010) , particularly in the case of such a taxonomically troublesome (Kraft et al., 1996; Alice & Campbell, 1999) and species-rich genus of at least 750 species across the world (Lu, 1983; Lu et al., 2003) . By referring to endocarp morphology of 48 extant species belonging to seven subgenera of Rubus summarized in Huang et al. (2015), we found our fossils are similar with several species belonging to different subgenera, for example, R. alexeterius, R. idaeus L. within subg. Idaeobatus (Focke) Focke, and R. caesius L. and R. schleicheri Weihe ex Tratt. within subg. Rubus L. (Table S1) . It even appears difficult to have a reliable placement between the two subgenera, Idaeobatus and Rubus. For this reason, we have not assigned our fossil to a particular subgenus.
Discussion
4.1 Contribution to the fossil record of Rosoideae Fossil records of Rosoideae are reported widely in the Northern Hemisphere with a particular concentration in Europe (e.g., Chandler, 1961; Van der Burgh, 1983 , 1987 Mai & Walther, 1988; Mai, 2000 Mai, , 2001 . The rich fossil records in Europe probably suggest a diversity center of the subfamily there during the past. In East Asia, fossil records of Rosoideae are mainly from Japan (e.g., Ozaki, 1991; Matsushita et al., 1994; Yabe, 2008; Momohara et al., 2016 Momohara et al., , 2017 Ito et al., 2017; Yamakawa et al., 2017) . They are only sporadically distributed in China (Huang et al., 2015; Su et al., 2016) , despite the modern diversity in this region. The current fossils constitute one of the few records of the subfamily in China, and provide important information for our understanding of its historical diversity in the country.
Being famous as strawberry (Giampieri et al., 2013; Basu et al., 2014; Manganaris et al., 2014) , Fragaria has been frequently recorded from archeological sites in Europe (Kubiak-Martens, 1999; Bosi et al., 2009; Brombacher & Hecker, 2015) . However, evidence for strawberry farther back in time, before human activities, is still lacking. Fossils from the Polish Miocene of Europe (Szafer, 1961) represent the only record of Fragaria known thus far. That fossil record provides a historical clue regarding Fragaria species currently living in Europe, but might not be able to explain those living in other regions, such as East Asia, where the major concentration of species occurs today (Lu et al., 2003) . The newly described achene remains represent the first fossil occurrence of Fragaria in East Asia.
Late Pliocene diversity of Rosoideae in northwestern Yunnan
Northwestern Yunnan in Southwest China is a mountainous area bordered by the Tibetan Plateau. It has long been noted as a biodiversity hot spot that functions as a diversity center and a speciation frontier for many plant groups (Wu, 1988; L opez-Pujol et al., 2006; Ruth et al., 2008) . For Rosoideae, the region supports 18 genera, representing more than half the total genera of the subfamily (Lu et al., 2003) . Some genera, such as Fragaria and Rubus, show their highest diversity in northwestern Yunnan: eight of the approximately 20 species of Fragaria and up to 100 of at least 750 species of Rubus have natural populations in the region (Gu et al., 2000; Lu et al., 2003) . In contrast to the high modern richness, fossil records of Rosoideae in northwestern Yunnan are scarce . The present achenes and endocarps represent new records of Fragaria and Rubus in the region and indicate their occurrences therein during the late Pliocene. The Rubus endocarps, together with formerly reported taxa of the genus from the Sanying Formation nearby (Huang et al., 2015) , suggest that Rubus already showed a botanical diversity in northwestern Yunnan during the late Pliocene. Late Pliocene was possibly an important time phase when this genus was developing species richness in the region. This is in line with a phylogeny-based interpretation that rapid speciation for many plant lineages occurred within and around the region since the middle to late Neogene (Xing & Ree, 2017) .
Fragaria and Rubus commonly inhabit the forest understory or open areas on mountain slopes (Lu et al., 2003) . Their fossil occurrences suggest that the Heqing Basin in northwestern Yunnan might have been a hilly or mountainous environment during the late Pliocene, as it is today. This is in consonance with the indication of sclerophyllous alpine oaks from the lower horizon of the Sanying Formation in the basin. Forced by the southeastern extension of the Tibetan Plateau, northwestern Yunnan underwent severe mountain uplifts during the Neogene and this has continued to the present day (Mulch & Chamberlain, 2006; Schoenbohm et al., 2006; Westaway, 2009; Xu et al., 2016) . Fragaria and Rubus likely adapted to the mountain building and possibly diversified along with the increasing environmental heterogeneity. The resulting temperature decline in response to mountain uplifts (Zhang et al., 2012) might also have benefited their diversification as today they live primarily under temperate conditions (Lu et al., 2003) . The geomorphological change in combination with the associated climate cooling may have contributed to the current high diversity of Fragaria and Rubus in the region by means of creating environmentally 
